Torrefaction is a mild form of pyrolysis that, when applied to biomass, has the effect of improving the energy density of biomassderived solid fuels. In this study, thermogravimetric analysis (coupled with mass spectrometry) was applied to two biomass fuels (pine wood and white maize ear) to investigate a potential representative torrefaction thermal treatment process. The mass loss from the torrefaction process was indicative of emission of aliphatic hydrocarbons, evidenced by mass spectroscopic data and it is evident that optimal torrefaction conditions are determined by the type of biomass to which torrefaction processing is applied.
Introduction
Torrefaction is a relatively benign thermolysis process, whereby a substance is subjected to a typical temperature range of 230-300 ∘ C in the absence of oxygen (i.e., a form of the ancient practice of pyrolysis). When applied to biomass, the primary purpose of torrefaction is to increase significantly the energy density of biomass, making transportation for subsequent thermal conversion (such as gasification) more cost effective. Other advantages of torrefaction of biomass are (a) improved friability (therefore facilitating comminution especially beneficial for cofiring with coal), (b) reduction of water content to negligible quantities (increasing calorific content), and (c) conversion of biomass to become hygroscopic [1] .
Materials and Methods
This paper is a brief communication of ubiquitous thermal analysis, of two biomass types of significance to South Africa: loblolly pine (Pinus taeda) as an example wood resource and maize (Zea mays) as an example of agricultural crop waste (after cultivation for food supply). For this study, the maize ear (both the core and the residue remaining after removal of the maize grain) was chosen for analysis to represent a waste resource (i.e., not used directly for human consumption). Thermal analysis was performed using a TA Instruments model Q5000IR Thermogravimetric analyser (TGA) coupled with an MKS Instruments model Cirrus 2 mass spectrometer (MS). These instruments were supplied with high purity nitrogen gas to produce a nitrogen flow rate of 25 mL min −1 to the TGA. The Curie points of Ni (354 ∘ C) and Fe (770 ∘ C) were used for the temperature calibration of the TGA. The MS was calibrated using synthetic air and the thermogram test parameters are summarised as follows:
(i) gas supply to sample, nitrogen (99.999% purity) at 25 mL min −1 ;
(ii) initial temperature 29 ∘ C, maintained for 1 min;
(iii) temperature ramp rate 54 ∘ C min −1 , to 300 ∘ C (maximum maintained for 1 minute).
Results and Discussion
Thermogravimetric analyses were performed twice for each biomass type. Test sample sizes for pine were 2.742 mg and 0.87 mg and for maize were 1.396 mg and 1.311 mg; subsequent data presented in this paper corresponds to the first biomass The mass spectrometer was coupled directly to the TGA via a heated capillary (0.53 mm internal diameter) tube to enable evolved gas analysis in real time as the torrefaction process progressed.
Original experimental data are provided as supplementary data sets, freely available on the terms of "Open Data" [2] ; it is envisaged that other researchers will make use of this data to conduct further research such as kinetic modelling study, outside the scope of this paper.
From a design perspective, a general torrefaction process is governed by the following factors [3] , that is, temperature (1) and heating rate (2) as being the most important to consider:
where torr = maximum torrefaction temperature and heating = duration of torrefaction > 200 ∘ C. Thus, for the experimental conditions employed in this study, the heating rate of 0.9 ∘ C s −1 is an appropriate representation of a potential commercial process of torrefaction of a biomass resource. Torrefaction of pine wood resulted in a mass yield of 75% (i.e., 25% of original mass was lost via thermolysis) and for maize ear a mass yield of 51% was found. The thermograms suggest that stability of the solid torrefied residue is not attained at the end of the thermogram test. As a consequence, commercial application of a torrefaction process similar to that conducted in this study may probably experience further mass loss (with concomitant emission of volatile compounds) during any subsequent packaging or further manual handling of the torrefied biomass solids. Comparison of the experimental data in this study with previous work by others was surprisingly difficult due to lack of similar experimental tests conducted elsewhere. In general, thermogravimetric analysis of the pyrolysis and/or torrefaction of biomass has been performed over a temperature range of 0-900 ∘ C; for example, pyrolysis of pine over this range [4] showed a similar thermogram to that found in this study (Figure 1 ), although only for the corresponding temperature range, to 300 ∘ C. Thermogravimetric data for torrefaction of maize ( Figure 2 ) could not be found in a review of the published academic literature. It should be noted that in a review of the state of commercial development of torrefaction technology, the temperature limits were less than 500 ∘ C and residence times ranged between 2 and 90 seconds [5] . Within the temperature range below the maximum 250 ∘ C, decomposition of both biomass samples types can be attributed to depolymerisation of two of the three major components of biomass in general, hemicellulose and cellulose [1] (with the third component being lignin). Previous studies have indicated that hemicellulose polymers are the most reactive component [6] and thus the most likely cause of thermal degradation observed in this study. Moreover, it has been found that two competitive pathway mechanisms have been proposed [7] for the decomposition of cellulose, which is of relevance to this study since cellulose is naturally prevalent in the biomass samples assessed. Such degradation is characterised as dehydration mostly (occurring below 280 ∘ C) and to a lesser extent, initial depolymerisation which is said to start at temperatures above 280 ∘ C [8] . For clarification, water loss at low temperatures (<200 ∘ C) corresponds to evaporation of free water within the sample. Dehydration refers to chemical loss of water from the cellulose structural ring, resulting in formation of furanic moieties as water is released and eventual formation of solid char [9] . This is consistent with the detection of water as implied by the / 18 (e.g., Figure 4 ). In addition, the difference in thermolysis behaviour between pine wood and maize ear as indicated in the thermograms is most likely due to the different composition. In particular, lignin content in an analogous wood, willow, has been measured at 20% by mass (dry, ash free basis), while wheat straw (as a cereal grain crop analogous to maize) has a lignin content of approximately 8% [10] . A "broad scan" mass spectrum of the pine sample ( Figure 3 ) revealed that the presence of nitrogen as the inert fluid indicated by the relative intensities for the peaks at / 28 and 14 is too dominant relative to other components (e.g., Figure 5 ). This was also observed with the corresponding maize ear samples (Figures 7, 8, and 9 ). As a consequence, total ion count scans were redrawn into group segments. The spectrum for the mass range 33-105 ( Figure 6) is an example of such a partial spectrum. The shape is indicative of sequential fragmentation of a saturated hydrocarbon, whereby cleavage of C-C bonds after ionisation leads to the formation of CH 2 intermediates [11] and similar spectra obtained from GC-MS have also been observed elsewhere [12] . The suggestion that degradation of biomass occurs via methylidene free radicals could not be confirmed within this study; however, it has been proposed elsewhere that free radicals arise (at experimental temperature 375 ∘ C) in the ionisation region of the mass spectrometer detector. These are formed as a result of demethylation of biomass biopolymers en route to formation of polyaromatic hydrocarbons [13] . Furthermore, a study of the pyrolysis of birch [14] shows similar degradation of cellulose to yield predominant formation of water, carbon monoxide, and carbon dioxide. In contrast, the corresponding spectrum from analysis of maize ear ( Figure 10 ) implies similar structure, but the seemingly lower intensities of peaks for masses greater than 55 suggest fewer quantities of aliphatic hydrocarbons within the maize volatiles emitted during torrefaction. A measure of selected ions counts presumed to correspond to CO 2 (Figure 11 ) suggests that even under inert, nonoxidising conditions, atomic oxygen present within the molecular structure of biomass components (e.g., cellulose, starch) reacts during thermolysis to form CO 2 . The prevalence of cellulose-a naturally ubiquitous polymer consisting of approximately 3000 oxygencontaining glucose units [15] -would seemingly provide the source of oxygen for oxidation in a paradoxically "pyrolytic" decomposition environment. The relative quantities of CO 2 , however, are low, and therefore rapid torrefaction should remain to be considered a viable method of biomass pretreatment.
Conclusions
Due to the lower content of lignin in maize compared to pine, thermolysis of maize for a specific thermogravimetric test results in greater loss of volatile components compared to pine. This suggests that if various biomass types are to be torrefied on a commercial basis, such systems will require flexibility in design in order to adjust torrefaction conditions for optimal production of torrefied biomass fuels. Mass spectroscopic analysis indicates that decomposition of pine, representing a "woody" biomass type, under torrefaction conditions occurs via sequential, successive losses of methylene functional groups of alkane that are most likely formed as a result of rearrangement reactions that occur during the thermolysis process.
Thermogravimetric & Mass Spectroscopic Data. Spectroscopic data sets are provided as "Open Data" for subsequent use by other researchers [16] .
